Purpose: To investigate the development of intimal hyperplasia in response to percutaneous transluminal coronary angioplasty (PTCA) followed by local delivery of the nitric oxide (NO) donor 3-morpholino-sydnonimine (SIN-1).
Occlusive disease of the coronary arteries is the most common problem in the spectrum of cardiovascular disease. Percutaneous transluminal coronary angioplasty (PTCA) is the preferred treatment in more than 50% of these patients. However, the high incidence of restenosis after balloon angioplasty, in several studies reaching 30-50%, limits the long-term success of the procedure (13) . Constrictive remodeling and smooth muscle cell (SMC) proliferation are the most important mechanisms behind restenosis after angioplasty (18) .
Endothelial injury after PTCA is extensive and the remaining damaged cells and denuded basal membrane facilitates adhesion and aggregation of platelets. Over-dilatation of the arterial wall has been shown to damage about 20% of the SMCs in the treated area (15) . Signal substances from the injured arterial wall, such as basic fibroblast growth factor (bFGF), initiate proliferation and factors such as platelet-derived growth factor (PDGF) stimulate migration of SMC to the intima (12) , contributing to formation of intimal hyperplasia.
Nitric oxide (NO) reduces these events, and modulates several physiological processes in the vasculature, including vascular tone, platelet aggregation and adhesion, leukocyte adhesion to the endothelium besides reducing SMC migration and proliferation after PTCA (16) .
Data from animal studies showed the inhibitory effect of dietary administration of the amino acid L-arginine, the substrate for NO production, on the development of restenosis. Besides, local drug delivery with L-arginine (23) , and a multicenter study (17) suggested a promising role for NO donors in the prevention of intimal hyperplasia in humans.
The aim of the present study was to evaluate the effect of local delivery of SIN-1, which releases NO by spontaneous degradation, on the development of intimal hyperplasia after PTCA.
Material and Methods
The investigation conformed to the Guide for the Care and Use of Laboratory Animals (NIH Publication no. 85-23, revised 1996) and the study was approved by the local committee for animal research. Twenty domestic pigs of both sexes weighing 20.1 AE 0.9 kg were fasted overnight with free access to water and were premedicated with azaperone (Stresnil Vet., Leo), 2 mg kg À1 intramuscularly 30 min before the procedure. After induction of anesthesia with thiopental 5-25 mg kg À1 (Pentothal, Abbott), the animals were orally intubated with cuffed endotracheal tubes. A slow infusion of Fentanyl (Pharmalink AB) in Ringer acetate at a rate of 1.25 mg ml À1 was started at a rate of 1.5 ml min À1 and adjusted as required. Mechanical ventilation was then established with a Siemens-Elema 300B ventilator in the volume-controlled mode. Initial settings were a respiratory rate of 15 per minute, a tidal volume of 10 ml kg À1 , and positive end-expiratory pressure of 5 cm H 2 O. Minute volume was subsequently adjusted in order to obtain normocapnia (35-40 mm Hg). The animals were ventilated with a mixture of nitrous oxide (70%) and oxygen (30%). Hypnosis was complemented with small intermittent doses of 5 mg meprobamat (Mebumal, DAK), if required.
An 8 F introducer sheath (Onset, Cordis Co.) was inserted into the surgically exposed left carotid artery and 10,000 IU of heparin given. The side port of the introducer was connected to a pressure transducer and balanced to atmospheric pressure with zero reference at the mid-axillary level for continuously monitoring of the arterial pressure. Cardiac rhythm and rate were monitored simultaneously. An angiogram of the coronary arteries was obtained via an 8 F JL 3.0 guide catheter with perfusion ports (Pink Power, Schneider, Bülach, Switzerland) using 5-8 ml of contrast medium (Omnipaque 300 mg I/ml À1 , Amersham Health).
Overdilation PTCA was randomly performed in either the left anterior descending artery (LAD) (n ¼ 8) or in the left circumflex artery (LCX) (n ¼ 4) and in 1 pig in the right coronary artery (RCA) followed by injection of SIN-1. Finally, overdilation PTCA was performed in the corresponding still untreated LAD (n ¼ 4) or LCX (n ¼ 8) for 30 s. The diameters of the vessels were estimated from a video recording of the fluoroscopic image, the guide catheter being used as a reference. The medial part of the LAD or the LCX after the first marginal branch was dilated at 6 atm with a 2.5-3.5 Â 20 mm dilatation balloon (Viva, Scimed Inc., Maple Grove, MN, USA) inserted over a 0.014-inch floppy guide-wire (Choice Plus, Scimed Inc.). The balloons were oversized by 0.5 mm in diameter. Inflation time was 30 s, and immediately after deflation a corresponding 3 or 3.5 Â 20 mm drug delivery catheter (Dispatch, Scimed Inc.) was inserted into the PTCA-treated site and inflated at 8-10 atm. Efforts were made to minimize the time from balloon angioplasty to the time of drug treatment (approximately 1 min), in order to avoid thrombus formation and adverse effects. Injection of 7.2 AE 0.6 ml 10 À4 M SIN-1 was given manually at a rate of 0.5-1 ml min À1 for 10 min. SIN-1 was injected manually because in this way it could be determined from the resistance of the syringe, whether a major side-branch was draining the drug from the drug delivery balloon.
During coronary artery occlusion, perfusion pressure was increased by a dopamine infusion and small doses of norepinephrine (10 mg). Xylocain 10 mg kg À1 was injected i.v. before releasing the occlusion to prevent the occurrence of malignant arrhythmias during reperfusion, and nitroglycerine (Perlinganite, Orion Pharma), 100 mg, was given if needed as an intracoronary injection both before and after occlusion.
The catheters were withdrawn after a final angiogram to ensure patency of the vessels. The left carotid artery was surgically reconstructed, and the skin sutured. Post-operatively, the pigs received 0.15 mg buprenorphine (Temgesic, Reckitt & Colman, Hull, England) and 5 ml Streptocillin Vet. (Boehringer Ingelheim).
One week after the angioplasty, one group of 6 pigs was sedated and euthanized with an intracardiac injection of 40 mmol potassium chloride (Addex-Kalium, Pharmacia & Upjohn). The treated arteries were harvested immediately, using a microsurgical technique. A segment was obtained distal to the treated area and served as a control. The vessel segments were analyzed electrophoretically for protein content and with NADPH diaphorase histochemistry in order to visualize the presence of NOS.
Eight weeks post-operatively, a second group of 7 pigs was euthanized as described above. The arteries were ligated distal to the treated segments, angiograms obtained and the arteries perfusionfixated at 100 mmHg with 4% formaldehyde before harvesting and evaluating using routine histology and NADPH histochemistry. A perfusion-fixated vessel segment distal to each of the treated areas was harvested as well and served as a control.
Angiographic examination: Fluoroscopic video recordings and angiographic stills were examined. Using the guide catheter as a reference, the luminal diameter was calculated before, immediately after treatment, and after 8 weeks.
Electrophoretic examination: To investigate the relative content of actin, myosin and intermediate filament protein (IF), the proteins were separated on one-dimensional sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE). The vascular preparations were homogenized in an SDS buffer [composition: 25 mM tris (hydroxymethyl) aminomethane HCl (pH 6.8), 2% SDS, 5% mercaptoethanol and 10% glycerol] at a concentration of 50 ml mg À1 tissue wet weight. The homogenate was then boiled for 2 min and centrifuged at 10,000 r.p.m. for 5 min. The supernatant was removed and stored at À20 C before electrophoretic analysis. The SDS-PAGE was performed essentially as described by MALMQVIST et al. (20) using 8% polyacrylamide gels in a Bio Rad minigel system. The gels were stained with Coomassie blue, destained and scanned using a GS-300 densitometer (Hoeffer Scientific Instruments, San Francisco, CA, USA). The areas under the myosin heavy chains, actin and IF bands were evaluated. The ratios of actin/myosin and IFs/actin were calculated from these areas. Western blot analysis was performed using the proteins from the 8% polyacrylamide gels transferred to nitrocellulose (Hybond-C, Amersham). The nitrocellulose was blocked with milk powder and incubated with antibodies to the IF proteins desmin and vimentin. After incubation with a secondary peroxidase-conjugated antibody (anti-rabbit IgG, Sigma) the antibody-antigen reaction was visualized on an photographic film, using enhanced chemiluminescence (ECL, Amersham) and then scanned desitometrically ( Fig. 1) .
NADPH histochemistry: The vascular segments were fixed overnight in a mixture of 2% formaldehyde and 0.2% picric acid in phosphate buffer (pH 7.2) or in buffered 4% formaldehyde, followed by thorough rinsing in Tyrode solution containing 10% sucrose.
Specimens were then frozen on dry ice and cut in a cryostat at a thickness of 10 mm. NADPH diaphorase activity was rendered visible by incubation of the sections for 45 min at 37 in 0.1 M tris-HCl (pH 7.2) containing 1 mM NADPH (Sigma), and 0.2% Triton X-100, followed by washing in tris-HCl (11) .
Each segment was cut into three sections, examined under a light microscope and photographed with maximum of light, creating a completely yellow photograph in which only NADPH cells stained dark blue. The images obtained were transferred to a CD-ROM (Kodak format) and imported into Photoshop 4.0 (Adobe Inc.). These photographs were subtracted into black and white images. Due to the gray scale practically only the NADPHstained endothelial cells were black. A 45 Â 15 mm representative portion of the cross-sectional area consisting of endothelium and media was selected. From the histogram menu, the percentage of black pixels in the photo was registered as a percentage of the total number of pixels in the selection.
Histomorphological examination: Each sample was cut further into 4-14 sections, which were stained with hematoxylin-eosin for routine histological evaluation. A similar number of sections was cut and stained with van Gieson elastica and used for the morphological measurements. The measurements were performed without knowledge of the treatment to the segments.
The intimal (I), medial (M), and luminal (L) areas as well as the internal elastic lamina (IEL) circumference and the IEL fracture length (F) were measured using computerized digital planimetry with a video microscope (Olympus BX 50 F4) and customized software (Analysis 3.0; Soft Imaging System). Vessel size was assessed by measuring the area circumscribed by the outer border of the external elastic lamina (EEL area). The extent of injury was represented by the fracture length (F) of the IEL, normalized for the size of the artery by the circumference of the IEL: injury index ¼ F/IEL. Intimal hyperplasia was also normalized for the total artery wall area: I/(IþM). The restenosis index ¼ [(I/ (IþM)]/(F/IEL) (3) could then be established taking into account the degree of injury. Changes in vessel geometry after injury and repair were reflected as the residual lumen and defined as L/(LþI).
Statistics: Mann-Whitney's test was used for statistical evaluation. p-values <0.05 were considered significant. Data are presented as mean AE SEM.
Results
Seven pigs died due to ventricular fibrillation, which was resistant to cardiac resuscitation, and these animals were excluded from further analysis. One SIN-1 EFFECT IN CORONARY ARTERIES of these pigs died before catheterization, 2 after PTCA was performed, 3 immediately after PTCA and PTCAþSIN-1 and 1, 30 min after the procedure. The response to treatment did not differ between the LAD and the LCX.
Blood pressure and heart rate measurements: Heart rate was significantly (p ¼ 0.041) increased when SIN-1 was infused (112.2 AE 11.5 b.p.m.), compared with the heart rate before the procedure (85.8 AE 6.3 b.p.m.).
The systolic blood pressure before the procedure was 81.5 AE 3.2 mm Hg and increased during PTCA to 94.1 AE 4.4 mm Hg (p ¼ 0.012), and during SIN-1 95.0 AE 2.5 mm Hg (p ¼ 0.026). The blood pressure after PTCA was 94.6 AE 5.0 mm Hg (p ¼ 0.007) and after SIN-1 95.0 AE 2.8 mm Hg (p ¼ 0.024). However, both heart rate and blood pressure were equal in the PTCA and the PTCA-SIN-1 groups during treatment.
Angiographic examination of the luminal diameter: The immediate posttreatment angiograms showed signs of non-occlusive thrombus formation in 2 arteries and in 10 arteries signs of dissection and spasm; these findings were equally distributed among groups, and might be due to the lack of premedication with an antiplatelet agent. After 8 weeks, all treated arteries were open.
At the treatment day the balloon angioplasty resulted in an increased luminal diameter, in the PTCAgroupfrom2.21 AE 0.07 mmto2.47 AE 0.11 mm and in the PTCA-SIN-1 group from 2.21 AE 0.11 mm to 2.45 AE 0.11 mm.
After 8 weeks the PTCA group had a significantly (p ¼ 0.03) smaller luminal diameter (1.91 AE 0.18 mm), compared with the PTCA-SIN-1 group (2.45 AE 0.10 mm), and had developed a significant luminal loss compared with the diameter immediately after angioplasty (p ¼ 0.018).
Biochemical analysis of the effect of SIN-1 on IF proteins 1 week after treatment: Photographs of gel separations of proteins are shown in Fig. 1 . A dramatic increase in IF proteins (lane 1) in arteries treated with PTCA in the absence of SIN-1 was observed. Western blot analysis revealed that the increase in IF in PTCA-treated arteries not receiving SIN-1 was mainly due to an increase in desmin. Figure 2 depicts the ratio of IF to actin in treated and control segments. PTCA caused a significant increase in the ratio compared with the control, which was not present after exposure to SIN-1.
We could not detect any statistically significant changes in the relative amount of myosin heavy chain normalized to actin. The corresponding values for myosin/actin were PTCA: 0.39 AE 0.13 and PTCAþSIN-1: 0.43 AE 0.10 and their corresponding controls 0.38 AE 0.04 and 0.46 AE 0.08.
NADPH histochemistry of NOS contents 1 and 8 weeks after treatment: NOS content in the endothelium was significantly lower in the treated segments of the PTCA-SIN-1 group 0.34 AE 0.03%, compared with the PTCA group, 0.51 AE 0.03% (p ¼ 0.030) 1 week postoperatively. After 8 weeks there was still significantly less NOS in the endothelium in the segments treated with PTCA-SIN-1, 0.37 AE 0.05%, than in segments treated with PTCA alone, 0.60 AE 0.05% (p ¼ 0.013) ( Fig. 3a, b) .
In control segments distal to the treated segments no significant difference in NADPH content was found between the groups either 1 week after PTCA, 0.49 AE 0.05% and PTCAþSIN-1, 0.42 AE 0.03%, or after 8 weeks (Fig. 3c) .
Morphological examination of the development of intimal hyperplasia after 8 weeks: The histopathological characteristics of the coronary arteries are summarized in the Table. Arteries treated with SIN-1 after PTCA showed a significantly reduced intimal area, intimal hyperplasia and restenosis index as well as a significantly increased residual lumen compared with arteries treated with PTCA alone.
There was no difference between the untreated control segments, so those segments were incorporated into a single group. Arteries treated with SIN-1 after PTCA showed a significantly reduced intimal area (p ¼ 0.002), restenosis index (p ¼ 0.018) and intimal hyperplasia (p ¼ 0.001) compared with PTCA alone-treated arteries. Besides the residual lumen was significantly larger in PTCAþSIN-1treated segments compared with PTCA alonetreated segments (p ¼ 0.001).
The correlation between fracture length and development of intimal hyperplasia is shown in Fig. 4 .
Discussion
This study shows that if the NO donor SIN-1 is delivered at the site of PTCA injury for 10 min, restenosis is significantly decreased. We found that intimal thickening after vessel injury can be halted or changed in a way that might prevent increased amounts of myofibroblasts in the media and which maintains the content of NOS in the intima up to 8 weeks after injury.
Application of a NO donor was chosen in the present study, as NO may interfere with the process of restenosis at several levels. NO has inhibitory effects on platelet adhesion and aggregation (9) , and reduces the synthesis of DNA in SMCs and has an inhibitory effect on SMC proliferation (1) . High NO concentrations induce endothelial apoptosis, whereas low NO concentrations contribute to human endothelial cell survival (4) . Finally, NO has a beneficial effect on arterial remodeling (7) .
The biological half-life of NO is less than 1 s in vivo, which could explain the modest effect of i.v. or oral administration of sydnonimines on restenosis Fig. 2 . One week after treatment. Ratio of IF proteins to actin in coronary arteries subjected to PTCA, PTCA and a brief exposure to SIN-1. Corresponding segments of the same vessels were used as controls 1 and 2, respectively. A statistically significant inhibition of the PTCA-induced increase in the IF/actin ratio was observed in the arteries exposed to SIN-1 (*p ¼ 0.004). All groups summarize data from 6 animals. Data are presented as mean AE SEM. 
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after PTCA in the ACCORD study (17) . Due to immediate degradation of NO to nitrate when exposed to oxyhemoglobin (2), we chose a site-specific delivery of SIN-1 with the Dispatch balloon. SIN-1, although administrated locally, probably escaped into the systemic circulation, but without negative side-effects on blood pressure and heart rate. The ischemic response from the myocardium during occlusion with expected lowering of blood pressure was probably over-adjusted by the dopamine infusion and intermittent boluses of norepinephrine, because we found a similar but significant increase in heart rate and mean blood pressure during occlusion time in both treatment groups.
Dilatation with oversized balloon catheters causes trauma to the vessel wall with almost total loss of endothelial cells (10) . Because only additional damage could be the result of the drug delivery catheter, we found that in controls using saline as a vehicle would not be as elucidating as in the vessel distally to the treated segment. Several studies have shown that PTCA after saline infusion with the drug delivery catheter increases neointimal formation, reduces thrombolysis in myocardial infarction (TIMI) (8) flow and increases thrombus formation (21) . In this study even though the arteries treated with SIN-1 were dilated with slightly higher pressure and for a longer time, they still showed less intimal hyperplasia due to SIN-1. The use of the high-profile Dispatch catheter in humans is not recommendable, but use can be justified with an efficient drug such as SIN-1. A drug-eluting stent coated with SIN-1 could be another alternative.
One week after PTCA we evaluated the vascular response with biochemical analysis of arterial wall proteins, as histomorphological and angiographic examinations are less sensitive to detect neointimal formation at this stage. Macroscopically, all the arteries were open at sacrifice. The IF constitutes the cytoskeleton and can be found in all types of cells. In SMCs two main types of IF are present, desmin and vimentin (14) . Myofibroblasts from the adventitia also have a large amount of IF, mainly of the vimentin type (25) . The function of the IF in the SMC is unknown although IF proteins increase during hypertrophy and hyperplasia (14) . It has been reported that the content of actin is decreased in aortic SMCs after endothelial injury, whereas IF proteins (vimentin) increase (14) . Actin is not changed in smooth muscle of intimal thickening when related to total tissue weight (6) . Because SMC adaptation is associated with an increase in proteins while the amount of actin is decreased, or unchanged, we chose to use the IF/actin ration as a measurement of PTCA-induced adaptation of the vessel intima and media. Western blot analysis showed that the increase in IF observed in the present study was mainly due to an increase in desmin, which also has been found by others (5) .
We have thus found that PTCA affects the structural IF system in the cells of the vascular wall in a pronounced way. The increase in IF after 7 days indicates a rapid turnover of IF proteins and cell growth. Whether this is due to injury of the SMCs after PTCA, or to the increased load on the muscle it is not known. At present it cannot be excluded that the increase in IF reflects an increase in the number of non-SMCs, possibly activated during injury. However, the results indicate a possible role for NO in smooth muscle remodeling in response to injury, as exposure to the NO donor SIN-1 significantly reduced the ratio of IF/actin in the vascular tissue. NO interferes with most intercellular messengers because it diffuses rapidly and isotropically through most tissues, with reactions such as nitration of structural proteins including neurofilaments and actin, which could disrupt filament assembly with major consequences (2) . Such a reaction may account for either a diminished appearance of myofibroblasts or a change in their function. It could also explain the positive results on the remodeling process of restenosis as indicated in the significantly reduced IF/actin ratio observed after treatment with SIN-1. The IF/actin ratio seems to be a sensitive marker for smooth muscle growth and/or vascular injury, as it correlates with the degree of neointimal formation found at the histological examination at 8 weeks.
In the heart, NOS is found almost entirely in the vessels (24) . Practically none is found in the endocardium, valves or the cardiac muscle fibers. Most of the NOS in the heart is in the endothelial isoform (eNOS). The inducible isoform (iNOS) can only be found after vascular injury (24) . In an attempt to observe the amount of NOS in the endothelium after PTCA treatment with and without SIN-1, NADPH diaphorase histochemistry of the vessels was performed. Although NADPH also marks other enzymes such as cytochrome P450 reductase, NADPH oxidase and non-specific phosphatases, these enzymes are predominately found in the liver (22) . One and 8 weeks after PTCA significantly increased NADPH diaphorase activity was found in the endothelial lining of arteries. This response was inhibited by simultaneous treatment with SIN-1, resulting in levels of NOS similar to those of non-treated segments. It is suggested that SIN-1 downregulates the expression of NOS in the newly formed endothelium lining the vessel wall after 1 week compared with the normal response after angioplasty. It is remarkable that the lower (compared with PTCA alone) or normalized (compared with control segments) NOS content after SIN-1 treatment persisted 8 weeks post-operatively, implying a long-lasting change in the messenger ribonucleic acid (mRNA) expression of the endothelial cells (4).
These findings indicate that events at the onset of injury are crucial to the process of neointimal formation. It was shown that the negative events leading to neointimal formation could be minimized by local delivery of SIN-1. The mechanisms behind this are still unknown. NO at high concentrations, as in the present study, has previously been shown to inhibit platelet aggregation and adhesion on the basal membrane of the denuded vascular wall (9) . NO modulates the expression of apoptotic receptors and proteins (19) . It is therefore possible that in the present study SIN-1 delivery triggered an apoptotic mechanism in the vascular wall.
In conclusion, the vessel content of IF proteins is an early marker of neo-intimal formation. Events at the onset of injury are crucial for the development of intimal hyperplasia and can be modified by application of NO.
